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Abstract 

In  order  to  realize  spintronic  devices  in  narrow-gap  semiconductors,  we  have  carried  out  studies  on  the  well-known 
InAs/GaSb-based  materials  and  structures.  As  a  key  component  to  such  devices,  GaSb/Mn  digital  alloys  were  successfully 
grown  by  molecular  beam  epitaxy.  Good  crystal  quality  was  observed  with  transmission  electron  microscopy  showing 
well-resolved  Mn-containing  layers  and  no  evidence  of  3D  MnSb  precipitates  in  as-grown  samples.  Ferromagnetism  was 
observed  in  GaSb/Mn  digital  alloys  with  temperature-dependent  hysteresis  loops  in  magnetization  up  to  400  K  (limited  by 
the  experimental  setup).  Magnetotransport  studies  were  also  carried  out,  both  in  the  conventional  Hall-bar  configuration,  and 
on  gated  Hall-bar  structures.  Both  anomalous  Hall  effect  and  tunable  ferromagnetism  with  applied  gate  bias  were  investigated. 
Annealing  studies  of  the  digital  alloys  reveal  evidence  of  migration  of  Mn  atoms  at  elevated  temperatures. 
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1.  Introduction 

Ferromagnetic  Ill-Mn-V  semiconductors  have 
demonstrated  their  potential  as  a  vehicle  for  inte¬ 
grating  devices  based  on  magnetic  and  semiconduct¬ 
ing  properties.  They  also  promise  for  spin  injection 
into  semiconductor  structures  for  new  device  de¬ 
signs  [1,2].  While  many  studies  involving  ferromag¬ 
netic  metal/III-V  and  11-Mn-Vl/lII-V  have  revealed 
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important  physics  and  device  concepts,  ferromagnetic 
HI-Mn-V  semiconductors  remain  a  critical  component 
in  practical  device  applications. 

In  addition  to  being  an  important  material  system 
in  the  infrared,  the  unique  type-II  band  alignments  in 
narrow  gap  InAs/GaSb-based  heterostructures  present 
new  opportunities  in  the  context  of  spintronics.  In 
these  structures,  the  spatial  distribution  of  electrons 
and  holes  can  be  easily  controlled,  which  is  important 
in  controlling  magnetism  in  the  111-Mn-V  materials, 
for  which  carrier-mediated  exchange  determines  the 
ferromagnetism.  This  has  been  demonstrated  by  the 
successful  studies  of  optical  and  electrical  tuning  of 
ferromagnetism  [3,4],  While  ferromagnetic  GaMnAs 
and  InMnAs  exhibit  well-defined  hysteresis  loops. 
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Fig.  1.  (a)  TEM  image  of  a  digital  alloy  with  a  repeat  unit  of  GaSb  (12  ML)/Mn  (0.5  ML).  The  dark  lines  correspond  to  Mn-containing 
layers;  (b)  XSTM  image  of  a  GaSb  (16  ML)/Mn  (0.5  ML)  digital  alloy.  The  black  arrows  indicate  the  positions  of  the  Mn-containing 
layers  and  the  white  arrow  points  to  the  GaSb  buffer  layer  (opposite  to  the  growth  direction). 


such  clear  behavior  has  been  elusive  in  GaMnSb 
random  alloys  in  which  hysteresis  loops  are  very 
small  [5].  Furthermore,  the  Curie  temperature,  7c, 
is  low  (25  K)  and  has  to  be  improved  for  practical 
applications. 

Theoretical  calculations  based  on  the  Zener  model 
predict  room  temperature  ferromagnetism  in  GaMnN 
and  ZnMnO  for  reasonable  values  of  Mn  and  hole 
concentrations  [6].  Subsequent  experimental  studies 
have  showed  high-temperature  ferromagnetism  in 
GaMnN,  GaMnP  and  ZnCoO  [7-9],  Room  tempera¬ 
ture  ferromagnetism  has  also  been  recently  observed 
in  TiC>2  containing  Co  [10].  Flowever,  integration  of 
these  materials  with  conventional  semiconductors  for 
spintronic  applications  presents  significant  difficulties. 

Our  recent  studies  have  revealed  above-room- 
temperature  ferromagnetism  in  GaSb/Mn  digital  al¬ 
loys  [11].  The  digital  alloys  consist  of  repetitions  of 
half  a  monolayer  (or  less)  of  Mn  sandwiched  between 
GaSb  spacer  layers  of  various  thicknesses.  The  incor¬ 
poration  of  submonolayers  of  Mn  is  expected  to  be  in 
the  form  of  randomly  distributed  Mn  ions  and  MnSb 
islands,  which  is  confirmed  by  our  recent  studies 
using  cross-sectional  scanning  tunneling  microscopy 
(XSTM).  We  will  focus  on  our  studies  on  GaSb/Mn 
digital  alloys. 

2.  Growth  and  structural  studies 

The  GaSb/Mn  digital  alloys  were  grown  at  a  low 
substrate  temperature  (275°C)  by  molecular  beam 
epitaxy  (MBE)  on  (100)  GaAs  substrates.  Buffer 
layers  of  GaSb  (nominally  500  nm)  were  grown  to 
reduce  the  effect  of  the  large  lattice  mismatch  between 


GaSb  and  the  GaAs  substrates  (7.5%).  Reflection 
high-energy  electron  diffraction  (RHEED)  is  very  ef¬ 
fective  for  monitoring  significant  precipitation  of  3D 
MnSb  during  growth.  No  indication  of  3D  precipitate 
formation  in  the  RHEED  patterns  was  observed  for 
any  of  the  samples  used  in  this  work,  ft  should  be 
pointed  out  that  the  absence  of  3D  MnSb  precipitate 
formation  in  RHEED  does  not  preclude  the  formation 
of  such  precipitates  during  subsequent  growth.  Sam¬ 
ples  for  XSTM  work  were  grown  on  p-type  GaAs  to 
provide  the  necessary  electrical  conductivity. 

The  structural  properties  of  the  materials  were 
characterized  with  transmission  electron  microscopy 
(TEM),  and  XSTM.  The  TEM  and  XSTM  images 
are  shown  in  Fig.  1.  The  dark  lines  in  the  TEM 
image  (Fig.  la)  are  the  Mn-containing  layers.  The 
TEM  image  shows  that  the  overall  structural  quality 
is  good,  and  the  well-known  3D  MnSb  precipitates 
(in  the  NiAs  structure)  are  absent.  The  XSTM  image 
reveals  the  detailed  distribution  of  Mn,  showing  both 
pseudomorphic  quasi-2D  islands  (in  the  zinc-blende 
crystal  structure)  as  well  as  randomly  distributed  Mn, 
as  suggested  earlier.  The  details  of  the  XSTM  stud¬ 
ies  will  be  given  elsewhere  [12].  Recent  extended 
X-ray  absorption  fine  structure  (EXAFS)  measure¬ 
ments  show  that  the  majority  of  Mn  atoms  maintain 
the  zinc-blende  bonds  with  post-growth  annealing 
temperatures  up  to  500°C  [13]. 

3.  Magnetic  properties 

The  magnetic  properties  of  the  samples  were  in¬ 
vestigated  with  superconducting  quantum  interference 
device  (SQUID)  magnetometry  and  magnetotransport 
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Fig.  2.  Hysteresis  loops  of  the  sample  shown  in  Fig.  la,  observed 
with  a  SQUID  magnetometer,  and  temperature  dependence  of  the 
remanent  magnetization  (inset). 


measurements  in  the  Hall-bar  configuration.  Some  of 
the  samples  showed  ferromagnetism  above  room  tem¬ 
perature,  as  indicated  by  hysteresis  loops  in  the  mag¬ 
netization  (most  samples  studied  showed  qualitatively 
similar  magnetic  behavior,  and  thus  we  show  represen¬ 
tative  data  for  only  one  sample).  Ferromagnetism  is 
observed  at  temperatures  up  to  400  K  (inset  of  Fig.  2), 
the  upper  limit  of  our  magnetometer,  and  thus  we  can 
only  state  that  Tq  >  400  K.  The  hysteresis  loops  show 
clear  temperature  dependence  over  the  entire  range  of 
temperatures  studied,  as  can  be  seen  in  Fig.  2.  Note 
that  the  coercive  fields  at  5  and  285  K.  are  significantly 
different,  0.01  and  0.005  T,  respectively.  While  ferro¬ 
magnetic  behavior  at  room  temperature  is  also  seen 
in  GaMnAs,  InMnAs  and  GaMnSb  when  there  are 
3D  MnAs  (or  MnSb)  precipitates,  samples  contain¬ 
ing  such  precipitates  exhibit  temperature-independent 
hysteresis  loops  over  a  wide  range  of  temperatures; 
the  room  temperature  coercive  field  is  nearly  identical 
to  that  at  5  K.  One  can  thus  conclude  from  the  SQUID 
measurements  that  the  observed  ferromagnetism  in  the 
present  samples  is  not  due  to  3D  MnSb  precipitates. 
Furthermore,  the  shapes  of  the  hysteresis  loops  for  the 
present  digital  alloys  differ  significantly  (at  all  temper¬ 
atures)  from  those  of  MnSb  precipitates  in  the  NiAs 
structure  [14]. 

Temperature-dependent  magnetization  data  reveal 
additional  complexity  associated  with  the  ferromag- 


(b)  H  (O  e) 


Fig.  3.  (a)  The  temperature  dependence  of  remanent  magnetization 
in  an  as-grown  GaSb  9  ML/Mn  0.5  ML  digital  alloy.  The  sample 
was  magnetized  with  3.5  T  at  5  K.  The  up  and  down  temperature 
scans  were  carried  out  after  the  magnet  was  quenched;  (b)  in-plane 
and  out-of-plane  hysteresis  loops,  which  indicate  an  in-plane  easy 
axis  for  the  low-temperature  ferromagnetic  phase. 

netism  in  GaSb/Mn  digital  alloys.  In  the  tempera¬ 
ture  dependence  of  the  remanent  magnetization,  one 
finds  an  initial  rapid  drop  with  temperature  at  low 
temperatures,  which  changes  to  a  slower  decrease  at 
higher  temperatures.  This  change  occurs  between  30 
and  50  K,  as  shown  in  the  inset  of  Fig.  2,  and  sug¬ 
gests  possible  coexistence  of  more  than  one  magnetic 
phase. 

To  investigate  the  two-phase  behavior  and  other 
details  of  ferromagnetic  properties  of  GaSb/Mn  digi¬ 
tal  alloys,  we  carried  out  systematic  studies  on  a  GaSb 
9  ML/Mn  0.5  ML,  which  has  particularly  pronounced 
two-phase  behavior.  The  temperature  dependence  of 
remanent  magnetization  is  shown  in  Fig.  3.  In  this 
measurement,  the  sample  was  first  magnetized  at 
3.5  T,  and  the  magnet  was  then  quenched  to  avoid 
trapped  field  in  the  superconducting  magnet.  A  Hall 
sensor  with  a  detection  limit  of  1  Oe  was  used  to 
independently  probe  the  trapped  field.  The  first  step 
of  the  temperature  scan  with  increasing  temperature 
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shows  a  ferromagnetic  phase  with  a  Curie  tempera¬ 
ture  Tci  ~  1 1  K.  A  weak  remanent  magnetic  moment 
is  observable  above  1 1  K  and  persists  at  300  K,  in¬ 
dicating  another  ferromagnetic  phase  with  a  Curie 
temperature  greater  than  300  K.  The  magnetization 
is  then  measured  when  the  sample  is  cooled  back 
down.  As  can  be  seen  in  Fig.  3(a),  there  is  a  sponta¬ 
neous  magnetization  at  B  =  0,  which  is  only  slightly 
lower  than  the  remanent  magnetization  obtained  in 
the  scan  with  increasing  temperature,  suggesting  that 
the  low-temperature  phase  is  predominantly  single 
domain.  Two  mechanisms  can  lead  to  this  behavior: 
(1)  the  high-temperature  phase  already  present  after 
the  initial  magnetization  is  capable  of  inducing  the 
low-temperature  phase  during  the  process  of  cool¬ 
ing  back  down.  (2)  The  low-temperature  phase  itself 
is  spontaneous.  To  distinguish  the  two  possibilities, 
we  performed  experiments  with  zero-field  cooling 
(ZFC)  on  an  as-grown  sample,  in  which  there  was 
no  magnetization  from  the  high-temperature  phase 
without  prior  applied  field.  When  the  temperature  is 
lowered  below  11  K,  the  magnetic  moment  appears 
and  increases  with  decreasing  temperature,  indicat¬ 
ing  that  the  low-temperature  ferromagnetic  phase  is 
spontaneous. 

The  hysteresis  loops  of  the  low-temperature  phase 
show  that  the  easy  axis  is  perpendicular  to  the  growth 
direction  (in-plane),  as  can  be  seen  from  the  in-plane 
and  out-of-plane  hysteresis  loops  shown  in  Fig.  3(b). 
An  easy  axis  in  the  sample  plane  has  also  been  ob¬ 
served  in  GaMnAs  epilayers  grown  on  GaAs  buffers; 
the  in-plane  easy  axis  in  this  case  is  attributed  to  com¬ 
pressive  strain  [15].  The  result  on  GaSb/Mn  digital 
alloys  grown  on  GaSb  buffer  layers  is  consistent  with 
this  interpretation,  indicating  that  the  observed  ferro¬ 
magnetism  is  hole  induced,  which  is  confirmed  by  the 
studies  of  dependence  of  ferromagnetism  on  applied 
electric  bias. 

However,  depending  on  the  growth  conditions,  the 
relative  strength  of  the  two  phases  varies,  ranging  from 
cases  where  only  the  high-temperature  phase  is  ob¬ 
servable  to  others  for  which  only  the  low-temperature 
phase  is  present.  Recently,  we  have  succeeded  in  fab¬ 
ricating  single-phase  samples  with  Tq  reaching  65- 
80  K  (The  obtained  value  of  Tq  depends  on  the  mea¬ 
surement  technique.),  substantially  higher  than  the  Tq 
predicted  for  GaMnSb  random  alloys  (~  45  K)  [16]. 
This  improved  Tc  of  the  low-temperature  phase  in 


GaSb/Mn  digital  alloys  is  technologically  important 
because  it  is  close  to  liquid  nitrogen  temperature,  and 
many  GaSb/lnAs-based  devices  for  infrared  applica¬ 
tions  operate  at  liquid  nitrogen  temperature  [17,18]. 
The  correlation  between  the  structural  and  magnetic 
properties  of  these  higher  Tq  samples  is  currently  be¬ 
ing  investigated  with  the  goal  of  further  extending  Tq. 

Magnetotransport  measurements  reveal  the  inter¬ 
actions  between  charge  carriers  and  magnetic  ions, 
as  in  previous  studies  of  magnetic  semiconductors 
[5,19].  All  samples  exhibit  metallic  behavior,  with  the 
zero-field  resistance  only  weakly  dependent  on  tem¬ 
perature,  rather  than  the  exponentially  thermally  ac¬ 
tivated  behavior  observed  in  our  studies  of  GaAs/Mn 
digital  alloys  [19].  The  carrier  densities  estimated 
from  the  low-temperature  and  high-field  region  of  the 
anomalous  Hall  effect  (AHE)  curves  (data  were  taken 
up  to  33  T  at  the  NHMFL  in  Tallahassee)  are  between 
1 8%  and  50%  of  the  nominal  Mn  concentration.  This 
large  hole  density  is  important  for  the  hole-mediated 
exchange  interaction  between  Mn  ions. 

As  discussed  earlier,  one  of  the  most  important 
properties  of  ferromagnetic  semiconductors  is  the  in¬ 
teraction  between  itinerant  carriers  and  localized  elec¬ 
tron  spins  in  Mn  ions.  The  AHE  provides  information 
about  the  Mn-generated  internal  field  experienced  by 
itinerant  carriers  and  the  spin-orbit  interaction  of  the 
carriers.  The  AHE  first  decreases  with  temperature 
but  appears  to  recover  and  remains  strong  up  to  400  K 
(data  are  shown  in  Fig.  4  for  4  and  400  K  for  simplic¬ 
ity)  —  the  slope  of  the  Hall  resistance  near  zero  field  is 
a  measure  of  the  magnetization,  as  well  as  the  strength 
of  its  coupling  with  the  carriers.  The  sign  of  the  AHE 
is  related  to  the  band  structure  of  the  itinerant  carriers 
and  the  spin-orbit  interaction  [17].  We  note  that  other 
possibilities,  such  as  two  carrier  (electrons  and  holes) 
conduction,  can  also  lead  to  behavior  like  that  of 
Fig.  4.  In  our  magnetotransport  and  magnetooptical 
studies,  we  observed  both  Shubnikov-de  Hass  os¬ 
cillations  and  electron-active  cyclotron  resonance  in 
some  of  the  samples,  although  the  samples  are  all 
dominantly  p-type.  The  masses  obtained  from  the  two 
measurements  are  also  close  to  that  of  the  electron 
mass  in  GaSb.  Electron-active  cyclotron  resonance, 
involving  transitions  between  light  and  heavy  hole 
bands,  has  recently  been  observed  in  p-type  samples 
in  extremely  high  fields  [20].  In  our  case,  however,  the 
resonance  was  observed  at  low  fields  (~  7  T),  where 
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Fig.  4.  The  anomalous  Hall  effect  of  the  sample  shown  in  Fig.  la. 

such  band  structure  effects  are  not  expected  to  play  a 
role.  Therefore,  we  conclude  that  there  are  electrons 
in  these  samples  (whose  origin  is  uncertain).  How¬ 
ever,  the  electron  densities  and  mobilities  obtained 
from  the  cyclotron  resonance  data  and  Shubnikov-de 
Hass  oscillations,  combined  with  the  hole  densities 
determined  from  the  high  B  low-temperature  Hall 
effect  data,  do  not  reproduce  (in  a  two-carrier  model) 
the  overall  shape  of  the  experimental  curve  shown  in 
Fig.  4  at  room  temperature,  particularly  at  low  fields. 
However,  it  is  clear  that  both  the  AHE  and  magne¬ 
toresistance  curves  are  affected  significantly  by  the 
presence  of  electrons. 

As  mentioned  above,  the  AHE  observed  in 
low-temperature  grown  GaMnSb  random  alloys 
with  no  MnSb  precipitates  decreased  rapidly  above 
7c  (25  K),  vanishing  completely  around  50  K. 
High-temperature  grown  GaMnSb  samples  containing 
3D  MnSb  precipitates  showed  no  clear  AHE  even  at 
liquid  helium  temperature  [14].  The  AHE  coefficient 
is  found  to  be  negative  for  the  GaSb/Mn  digital  alloys 
at  all  temperatures,  as  for  GaMnSb  random  alloys 
[5].  This  is  presently  not  understood.  The  AHE  itself, 
even  in  extensively  studied  ferromagnetic  metals,  is 
not  fully  understood  [21,22], 

Based  on  the  present  results,  we  suggest  the  fol¬ 
lowing  picture.  The  Mn-containing  layers  consist  of 
2D  GaMnSb  random  alloys  (similar  to  3D  GaMnSb 
random  alloys  with  randomly  distributed  Mn  ions,  but 
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Fig.  5.  The  temperature  dependences  of  remanent  magnetization 
in  a  GaSb/Mn  digital  alloy  annealed  at  the  indicated  temperatures. 

predominantly  in  and  near  the  nominal  Mn-containing 
planes)  and  2D  islands  of  zinc-blende  MnSb,  also 
predominantly  in  the  Mn-containing  planes.  The 
low-temperature  ferromagnetic  phase  is  attributed  to 
the  isolated  Mn  portion  (similar  to  GaMnSb  random 
alloys).  This  can  explain  some  similarities  between 
the  GaSb/Mn  digital  alloys  and  GaMnSb  random 
alloys  at  low  temperatures.  The  observed  ferromag¬ 
netism  at  higher  temperatures  is  associated  with  the 
2D  MnSb  islands,  which  may  be  related  to  the  high 
Tc  found  in  bulk  (NiAs  structure)  MnSb  (580  K). 
A  detailed  theoretical  study  is  needed  to  fully  under¬ 
stand  the  mechanisms  involved. 

The  temperature  dependence  of  the  remanent  mag¬ 
netic  moment  showed  dramatic  changes  with  anneal¬ 
ing,  even  at  rather  low  temperatures.  Results  for  sev¬ 
eral  samples  from  the  same  wafer  annealed  at  different 
temperatures  are  shown  in  Fig.  5.  Annealing  at  250°C 
for  up  to  2  h  did  not  result  in  any  observable  change 
in  magnetic  properties.  After  the  sample  was  an¬ 
nealed  at  350°C,  however,  the  low-temperature  phase 
disappeared  and  the  magnetization  became  nearly 
temperature  independent  at  a  value  less  than  half  than 
seen  in  the  unannealed  sample  above  11  K.  As  the  an¬ 
nealing  temperature  increases,  a  new  low-temperature 
ferromagnetic  phase  arises  with  increasing  rema¬ 
nent  magnetization,  indicating  changes  in  domain 
structures  in  the  digital  alloy,  which  is  confirmed 
in  the  spontaneous  magnetization  measurements 
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discussed  later.  The  sample  annealed  at  500°  C 
for  5  min  shows  a  remanent  magnetic  moment  ~ 
1  x  10-5  emu  at  5  K  (close  to  the  remanent  mag¬ 
netic  moment  in  the  as-grown  sample)  and  a  Curie 
temperature  estimated  from  Fig.  5  to  be  around  50  K. 
The  sample  annealed  at  550°C  shows  a  much  higher 
Curie  temperature  with  a  correspondingly  larger  re¬ 
manent  magnetization  at  high  temperatures.  However, 
unlike  GaMnSb  epilayers  grown  at  high  substrate 
temperature  with  NiAs  structure  precipitates,  which 
show  nearly  temperature  independent  hysteresis  loops 
[14],  the  annealed  samples  have  hysteresis  loops  that 
change  rapidly  as  the  temperature  increases. 

The  annealing  studies  indicate  that  Mn  atoms  mi¬ 
grate  within  the  structure  at  elevated  temperatures.  The 
magnetization  studies  also  show  that  there  are  more 
possibilities  than  isolated  Mn  atoms  and  ZB  MnSb 
quasi-2D  islands.  The  low-temperature  phase  after  an¬ 
nealing  at  500°C  does  not  behave  in  the  same  way  as 
that  in  the  as-grown  sample.  For  example,  there  is  no 
spontaneous  magnetization  for  this  low-temperature 
phase  under  ZFC  conditions.  It  is  possible  that  iso¬ 
lated  Mn  atoms  coalesce  into  small  structures  within 
the  digital  layers,  before  merging  with  the  larger  ZB 
MnSb.  Magnetization  with  zero-field  cooling  and 
the  corresponding  blocking  temperature  have  been 
extensively  used  for  studying  properties  of  mag¬ 
netic  nanostructures,  including  particle  sizes  [23]. 
Our  experimental  and  numerical  studies  clearly  show 
an  increase  of  island  size  with  increasing  anneal¬ 
ing  temperature.  The  details  of  results  will  be  given 
elsewhere. 

To  further  illustrate  the  changes  with  annealing,  the 
coercive  field  at  5  K  is  plotted  as  a  function  of  anneal¬ 
ing  temperature  in  Fig.  6.  As  can  be  seen,  the  change 
in  coercive  field  is  not  monotonic  with  annealing  tem¬ 
perature,  indicating  various  possible  structures  form¬ 
ing  and  perhaps  coalescing  with  increasing  annealing 
temperature.  The  details  of  this  evolution  need  to  be 
investigated  further. 


4.  Dependence  of  ferromagnetism  on  applied 
electric  bias 

One  key  advantage  of  semiconductors  for  elec¬ 
tronic  applications  is  the  relative  ease  with  which  car¬ 
rier  density  can  be  modified  by  either  applied  electric 
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Fig.  6.  The  coercive  field  as  a  function  of  annealing  temperature. 
The  data  point  at  250° C  (the  growth  temperature)  was  taken  from 
the  as-grown  sample. 


bias  or  photoexcitation.  Because  the  ferromagnetism 
of  III-Mn-V  materials  is  carrier  (hole)  mediated  [24], 
it  can  be  modified  and  controlled  by  suitable  applied 
electric  bias  or  in  some  cases  by  photoexcitation 
[25-27].  Although  there  has  been  an  attempt  to  control 
ferromagnetism  in  (Ga,Mn)As  and  (Al,Ga,Mn)As  by 
electric  field,  the  experimental  results  showed  that 
there  was  no  observable  electric  field  modulation  of 
7c  or  of  the  magnetization  in  these  materials  [28]. 

The  effect  of  applied  electric  bias  on  ferromag¬ 
netism  was  studied  for  two  GaSb/Mn  digital  alloy 
samples.  The  samples  used  showed  similar  behav¬ 
ior.  We  will  present  the  result  on  the  sample  that 
showed  a  Tq  of  almost  80  K  in  magnetization  mea¬ 
surements.  The  digital  alloy  consists  of  50  repetitions 
of  half  monolayers  (MLs)  of  Mn  and  9  MLs  of  GaSb 
grown  on  AlSb  and  GaSb  buffer  layers.  Hall  bars  with 
gate  insulator  (polyimide  in  this  study)  were  fabri¬ 
cated,  followed  by  making  contact  holes  in  the  poly¬ 
imide  for  source  and  drain.  The  electrical  contacts  for 
source  and  drain  were  formed  by  gold  deposition,  and 
Cr/Au  was  used  as  a  gate  metal  contact.  The  magneto¬ 
transport  measurements  were  performed  in  magnetic 
fields  up  to  9  T  with  a  Hall  sensor  placed  adjacent 
to  the  sample  for  in  situ  measurement  of  the  applied 
magnetic  field. 

The  ferromagnetism  and  its  resulting  hysteretic  be¬ 
havior  observed  in  the  Hall  resistance  are  the  most 
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Temperature  (K) 

Fig.  7.  Remanent  Flail  resistance  (t?han)  vs.  temperature  with 
different  gate  biases.  The  sequence  of  measurements  follows  the 
legends  in  the  figure.  The  negative  bias  clearly  increases  the  Curie 
temperature. 

direct  evidence  of  interaction  between  spins  of  itiner¬ 
ant  carriers  and  localized  electron  spins  in  Mn  ions. 
Changes  in  hole  density  should  affect  the  magnetism. 
The  application  of  a  positive  gate  bias  (gate  elec¬ 
trode  positive)  should  reduce  the  hole  concentration, 
weakening  the  ferromagnetic  order,  while  a  negative 
bias  should  increase  the  hole  concentration  and  en¬ 
hance  the  ferromagnetic  interaction  among  the  Mn 
ions.  A  systematic  study  of  the  remanent  Hall  resis¬ 
tance  (/?Jjall,  defined  as  Rnaii  at  B  =  0)  as  a  function  of 
the  applied  bias  will  provide  information  concerning 
the  carrier-mediated  ferromagnetism. 

The  applied  gate  bias  was  limited  to  ±145  V  to 
avoid  dielectric  breakdown  of  the  insulator  used  in  this 
study;  higher  Vq  would,  of  course,  result  in  a  larger 
change  of  hole  concentration.  The  expected  change  of 
sheet  hole  concentration  from  the  gate  capacitance  of 
our  structure  is  about  2  x  10 12  cm~2  at  a  gate  bias  of 
±140  V.  Fig.  7  shows  the  remanent  Hall  resistance 
(A’jiaii )  of  the  hysteresis  loops  in  RHaii  as  a  function  of 
temperature  at  ±140  V  bias  and  at  zero/applied  bias 
(before  and  after  application  of  the  bias).  As  can  be 
seen,  Ryall  changes  systematically  with  electric  bias, 
and  is  reproducible  at  zero  applied  bias.  The  sample 
is  cycled  to  room  temperature  and  back  to  the  mea¬ 
surement  temperature  after  each  application  of  bias  to 
liberate  any  trapped  charge.  Figures  clearly  shows  that 
the  ferromagnetism  of  the  GaSb/Mn  digital  alloy  can 
be  switched  on  and  off,  depending  on  the  direction  and 
the  magnitude  of  the  applied  bias. 


5.  Summary 

In  summary,  GaSb/Mn  digital  alloys  that  show  fer¬ 
romagnetism  above  room  temperature  have  been  fab¬ 
ricated  by  MBE.  Several  microscopy  techniques  have 
been  employed  to  characterize  the  materials.  These 
studies  show  that  the  samples  have  good  crystal  qual¬ 
ity  with  well-defined  2D  Mn  layers  separated  by  GaSb 
layers,  without  3D  MnSb  precipitates  in  the  NiAs 
structure.  The  Mn  layers  themselves  consist  of  MnSb 
islands  and  randomly  distributed  Mn  ions,  as  revealed 
by  XSTM  images.  These  structural  features  are  identi¬ 
fied  as  sources  of  two  ferromagnetic  phases  observed 
in  some  samples,  both  of  which  are  ferromagnetic.  In 
samples  with  a  single  (low  temperature)  phase,  the 
Curie  temperature  has  been  raised  to  around  liquid 
nitrogen  temperature.  Annealing  studies  showed  that 
the  low-temperature  ferromagnetic  phase  in  as-grown 
samples  is  very  sensitive  to  annealing.  It  disappears 
after  the  sample  is  annealed  at  350°C,  and  is  replaced 
by  another  low-temperature  phase  with  different  mag¬ 
netic  properties  after  annealing  at  400°C.  Recent  EX- 
AFS  studies  of  GaSb/Mn  digital  alloys,  as-grown  and 
annealed,  indicate  that  Mn  atoms  remain  bonded  with 
the  nearest-neighbor  Sb  atoms  in  the  zinc-blende  struc¬ 
ture  as  long  as  the  annealing  temperature  is  below  ~ 
500°C.  Annealing  at  550°C  results  in  a  transforma¬ 
tion  from  the  zinc-blende  bonds  to  the  NiAs  bonds  for 
the  Mn  atoms.  We  have  demonstrated  that  ferromag¬ 
netism  of  GaSb/Mn  digital  alloy  can  be  controlled  by 
external  electric  field  with  the  use  of  gated  structure, 
which  is  a  clear  indication  that  the  ferromagnetism  in 
such  digital  alloys  is  carrier  mediated. 
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